Spinal cord injury (SCI) caused by trauma or disease leads to motor and sensory abnormalities that depend on the level, severity and duration of the lesion. The most obvious consequence of SCI is paralysis affecting lower and upper limbs. SCI also leads to loss of bladder and bowel control, both of which have a deleterious, life-long impact on the social, psychological, functional, medical and economic well being of affected individuals. Currently, there is neither a cure for SCI nor is there adequate management of its consequences. Although medications provide symptomatic relief for the complications of SCI including muscle spasms, lower urinary tract dysfunction and hyperreflexic bowel, strategies for repair of spinal injuries and recovery of normal limb and organ function are still to be realized. In this review, we discuss experimental evidence supporting the use of the naturally occurring purine nucleoside inosine to improve the devastating sequelae of SCI. Evidence suggests inosine is a safe, novel agent with multifunctional properties that is effective in treating complications of SCI and other neuropathies.
Introduction
Spinal cord injury (SCI) and other neurologic insults have devastating and often life-long consequences for its sufferers. Of the ~200, 000 individuals living with SCI in the US, over 50% incurred their injury between the 16 and 30 years of age. As a result of advancements in initial stabilization and emergency medical management, survival of SCI victims increased in the second half of the 20 th century. In spite of this improvement, however, the lifespan of SCI sufferers is still reduced compared to the general population primarily as a result of systemic complications. In addition to paralysis, loss of both bladder and bowel control are among the most significant challenges faced by SCI sufferers [1, 2] , contributing not only to social issues such as the stigma associated with urinary and fecal incontinence but also to elevated risk
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Treatment strategies for SCI
Currently there is no cure for the primary damage arising from SCI. Much effort has been expended to minimize secondary damage following injury with a variety of pharmacological approaches applied with variable success (reviewed in [3] ). The corticosteroid methylprednisolone reduced inflammation and secondary damage following SCI, but only if administered within 8 h of injury, yielding no improvements in outcome with delayed administration [4, 5] . Moreover, significant side effects have been reported in patients receiving high dose methylprednisolone including infections, pneumonia, hyperglycemia and an elevated risk of skeletal muscle myopathy [6] [7] [8] . Current guidelines recommend that methylprednisolone is offered to patients within 8 h of acute SCI but that its use is at the discretion of the treating physician [5] . In preclinical studies, a variety of agents have shown beneficial effects in the context of traumatic SCI, many of which are anti-inflammatory and/or neuroprotective (reviewed in [9] ). More recent strategies for treatment have taken advantage of advances in tissue engineering and stem cell technologies, as well as increased understanding of SCI pathobiology to encourage axonal regeneration through the native environment of the spinal cord. These include the use of cell-seeded or acellular scaffolds [10] , administration of pharmacologic or antibody-based inhibitors of regeneration-inhibiting pathways to encourage regeneration and/or sprouting of axon collaterals [11, 12] , electrical rewiring strategies that take advantage of the innate ability of circuits within the spinal cord to execute sensory and motor tasks, and enhance this ability with an electrochemical strategy comprising lumbosacral electrical stimulation and systemic administration of serotonin and dopamine receptor agonists [13] [14] [15] and generation of new neurons with stem cell-based approaches (reviewed in [16] ). Functional recovery has been demonstrated in human patients with SCI implanted with olfactory ensheathing cells in the injury site in the presence of a nerve graft for support [17, 18] . In addition to recovery of ambulatory capability, there was evidence of some recovery of visceral (i.e. bladder and bowel) function, based on urodynamic and anal sphincter electromyographic analyses. However, in spite of encouraging results, the reproducibility of the approach remains to be demonstrated and this strategy appears to be some years away from routine clinical application.
Inosine
The purine nucleoside inosine is generated intracellularly and extracellularly by deamination of adenosine or intracellularly through the action of 5'-nucleotidase on inosine monophosphate. Inosine is further metabolized to hypoxanthine, xanthine and ultimately uric acid. Like adenosine, transport of inosine across the cell membrane is facilitated by equilibrative and concentrative nucleoside transporters. While the role of adenosine as a versatile signaling molecule is well documented, the biological actions of inosine continue to be uncovered. Under physiologic conditions, blood levels of inosine are increased by exercise and ingestion of certain foods (organ meats, beer, spinach) and exhibit diurnal variations. Over the past two decades, inosine has been shown to evoke significant improvements in motor function and visceral organ control in preclinical models of neurologic injury including SCI [19] [20] [21] [22] [23] [24] , stroke [25] [26] [27] [28] [29] , traumatic brain injury [30] , multiple sclerosis (MS) [31] [32] [33] [34] [35] and Parkinson's disease (PD) [36] through its ability to enhance the growth of axon collaterals from undamaged neurons. The basis of these beneficial effects stems from its antioxidant, anti-inflammatory, axogenic and neuroprotective properties (reviewed in [37] ).
The neuroprotective potential of inosine was first suggested in a study showing that the active agent in liver cell conditioned medium, subsequently identified as inosine, was neurotrophic for cultured sympathetic neurons [38] . A series of subsequent studies identified growth-promoting activity of inosine in various neuronal cell types, comparable to that induced by canonical neurotrophic factors such as brain-derived neurotrophic factor (BDNF) or nerve growth factor (NGF) [39, 40] . Benowitz and colleagues showed that inosine could promote axon outgrowth in a rat model of corticospinal tract injury [19] . In that study, inosine delivered into the sensorimotor cortex, promoted sprouting of collateral axons from uninjured neurons into the denervated region of the corticospinal tract. A follow-up study confirmed the ability of inosine to support compensatory growth of axons in this model and demonstrated significant improvements in motor function in inosine-treated rats as measured by performance in open-field testing and ladder rung walking tests [41] .
Among the complications of SCI, the loss of bladder and bowel control have a profound negative impact on quality of life, contributing to anxiety, depression, decreased self-esteem, loss of independence and privacy, and requiring time-consuming management that restricts daily living. Neurogenic dysfunction of the bladder and bowel leads to psychosocial and medical complications, often exacerbated by limited mobility and dexterity, that include urinary and fecal incontinence, debilitating deficits in gut motility, recurrent urinary tract infections, hydronephrosis and irreversible kidney damage. Restoration of bladder and bowel function are consistently reported by those with SCI as top priorities for recovery [1, 2] . Therefore, better methods to alleviate these conditions and prevent their potentially lifethreatening consequences are needed. The ability of inosine to promote axon sprouting and synapse formation noted above provides a rationale for using this purine to improve bladder and bowel function following SCI. Although the effect of inosine on neurogenic bowel has not yet been tested, inosine has recently been shown to improve lower urinary tract function following SCI in rodents [22] [23] [24] . In patients with SCI above the lumbosacral region, the bladder loses inhibitory and voluntary input from higher centers and adopts a more primitive voiding behavior. This is characterized by detrusor overactivity (involuntary non-voiding bladder contractions during filling), and by detrusor-sphincter dyssynergia (abnormal contraction of the external urethral sphincter during detrusor contraction). These deficits arise from a multitude of pathological changes that occur after SCI, including alterations in sensory neurotransmission, remodeling of neuronal circuits within the spinal cord and interruption of spinobulbospinal pathways that normally control the micturition reflex and detrusor-external urethral sphincter coordination (reviewed in [42] ). Our laboratory recently demonstrated improvements in detrusor overactivity in rats with complete thoracic (T8) spinal cord transection receiving systemic inosine daily for six weeks. Intraperitoneal administration of inosine immediately (i.e. within 3 h) after injury resulted in significant reductions in frequency and amplitude of non-voiding contractions during filling cystometry [22] . Furthermore, we showed that inosine reduced detrusor overactivity in injured rats even when treatment was delayed for two months following injury. Thus, inosine was effective when administered in both preventive and intervention regimens. A subsequent study from our group revealed that inosine also reduced the frequency and amplitude of detrusor nonvoiding contractions in rats with SCI when delivered intravesically [24] . Consistent with our findings, Kuricova and colleagues found inosine could promote functional recovery, including reflex voiding activity in rats with SCI following oral administration [23] . Although we did not define the precise mechanism of action in that study, the improvements in detrusor overactivity observed with chronic inosine administration were associated with changes in bladder innervation. Inosine partially prevented the loss of bladder staining for the pan-neuronal marker synaptophysin and the Aδ fiber marker NF200 resulting from SCI, and attenuated the increase in staining for the C-fiber marker TRPV1 in vehicle-treated, spinalized animals. C-fiber afferent neurons have previously been implicated as key mediators of pathologic changes in voiding behavior following SCI or inflammatory insults, with TRPV1 desensitization using capsaicin or resiniferatoxin found to attenuate non-voiding contractions during cystometry [42] [43] [44] . These observations together with our findings, suggest that inosine improves detrusor overactivity, at least in part, via downregulation of TRPV1 levels and/or function. It is also possible that alterations in Aδ fibers, as reflected by NF200 staining, contributed to the changes in non-voiding contractions observed in our study. As noted earlier, inosine has axogenic and neurotrophic activity [45, 46] , consistent with an ability to promote regeneration of Aδ fibers. However the extent to which this applies to Aδ fibers in the bladder remains be to determined. The encouraging effects of inosine on preserving bladder innervation in our study are consistent with the neuroprotective properties ascribed to this purine and with previous data showing that inosine treatment partially prevented the reduction of bladder nerve density in an animal model of bladder outlet obstruction [47] .
Mechanisms of action
Mechanistic studies in a variety of cell types have identified both receptor-dependent and receptor-independent activities of inosine in a variety of experimental models and disease settings. Benowitz and colleagues demonstrated that the neurotrophic activity of purines such as guanosine and adenosine in retinal ganglion cells was mediated through an intracellular mechanism [39] . In addition, adenosine required deamination to inosine to be active, since inhibition of adenosine deaminase prevented adenosine-stimulated axon outgrowth. Pharmacological blockade of the equilibrative nucleotide transporter (ENT) family of proteins inhibited the ability of inosine to stimulate axon outgrowth implicating facilitated diffusion through such transporters in intracellular entry of inosine. Furthermore, axon outgrowth stimulated by inosine was inhibited in part by the purine analog 6-thioguanine (6-TG) and by inhibitors of the kinases PI3K and MEK1/2, suggesting that inosine acts in part via modulation of kinase activity. Although the identity of the intracellular target of inosine was not determined in the study by Benowitz and colleagues [39] , the authors speculated that it was related to an uncharacterized kinase activity previously described in the PC-12 neuronal cell line stimulated with NGF, i.e. protein kinase N [48] . Based on the antagonistic relationship between inosine and 6-TG in the context of axon outgrowth, where 6-TG inhibited inosine activity, together with the ability of 6-TG to inhibit the NGF-dependent kinase [45, 48, 49] , Benowitz and colleagues suggested that inosine and 6-TG may compete for binding to the same target, such as protein kinase N. A subsequent study by Irwin and colleagues reported the purification of a kinase from bovine brain that showed homology to Mst3, and that was inhibited by 6-TG [40] . Mst3, comprising two splice variants Mst3a and Mst3b, is a member of the Ste20-like family of serine/threonine kinases initially identified in yeast (reviewed in [50] ). Further analysis demonstrated that decreasing expression or activity of the Mst3b splice variant, but not the homolog Mst3a, attenuated NGF-stimulated neurite outgrowth in the PC-12 cell line and in primary cortical neurons. Moreover, these studies showed that inosine could stimulate neurite outgrowth independently of NGF, in an Mst3b-dependent manner [40] . Mst3b activity was shown subsequently to be required for both optic and radial nerve regeneration in vivo [51] , and was shown to be increased by SCI in rats and to promote the regeneration of spinal cord neurons following injury [52] . In the latter study, Mst3b was shown to promote phosphorylation of B-Raf, MEK1 and ERK1/2 in PC-12 cells. Interestingly, findings from our group show that inosine stimulates rapid B-Raf phosphorylation in PC-12 The antioxidant and anti-inflammatory activities of inosine in certain contexts are also independent of cell-surface receptors. Inosine treatment improved learning and memory of aged rats and prevented ischemia-reperfusion induced gut barrier dysfunction by reducing lipid peroxidation and tissue cytokine levels [53, 54] . The antioxidant properties of inosine are thought to be mediated, at least in part, by the peroxynitrite-scavenging capability of its metabolite uric acid (reviewed in [55] ). This mechanism is supported by previous studies showing that production of reactive oxygen species due to enteropathy [56] or ischemiareperfusion can be attenuated by uric acid administration. Clinically, serum levels of uric acid have been associated with disease state in multiple sclerosis and Parkinson's disease, with increased serum urate levels associated with a significant reduction in risk of PD [57] . Conversely, reduced uric acid levels in plasma have been linked to increased risk of PD [58, 59] . Notably the reduction in circulating uric acid in patients at risk of PD provided the basis for therapeutic strategies aimed at increasing serum urate [60, 61] . To obviate the rapid degradation of urate in the intestinal tract, its precursor inosine has been administered orally in clinical trials with the goal of elevating urate in this patient population to prevent and potentially reverse clinical decline (reviewed in [62] ).
Receptor-dependent activities of inosine are mediated through one or more members of the adenosine receptor family, which is composed of distinct A 1 , A 2A , A 2B and A 3 G-protein coupled receptor subtypes. Among adenosine receptors A 1 and A 3 couple to inhibitory G proteins (G i α), whereas A 2A and A 2B couple to G s α proteins leading to differential regulation of adenylate cyclase, generation of cAMP and activation of cAMP-dependent protein kinase A (reviewed in [63] ). Adenosine receptors have been implicated in a variety of biological processes relevant to central and peripheral nervous system function that are perturbed following SCI, including neurotransmission, inflammation and motor function. Adenosine and inosine are highly similar in structure, differing only by an amine group, but display very different stability, with the half-life of adenosine on the order of 10 seconds, versus ~15 h for inosine [64] . This significant difference in stability suggests that the nature of signals elicited by inosine versus adenosine may diverge considerably. As discussed below, inosine has been shown to bind directly to A 1 , A 2A and A 3 receptor subtypes [65] [66] [67] [68] , with affinities that are typically lower than that of adenosine. Although direct binding of inosine to A 2B has not been demonstrated, there is convincing evidence to suggest that inosine interacts functionally with all 4 adenosine receptor subtypes, to elicit a variety of effects depending on species and biological context [24, 35, [68] [69] [70] [71] [72] . A summary of the diverse biological activities of inosine mediated by adenosine receptors is provided in Table 1 .
Inosine was found to promote neurite outgrowth in and enhance the viability of neurons cultured from the neocortex of embryonic rats [72] . Blockade of either A 1 or A 2A AR using the pharmacologic antagonists 8-cyclopentyl theophylline (CPT) or 8-(3-chlorostyryl) caffeine (CSC), respectively, significantly reduced inosine-induced neurite outgrowth and viability. In the same study, oral administration of inosine to mice enhanced proliferation in the hippocampus that could be prevented by pharmacologic inhibition of A 1 AR. In vivo 
administration of inosine also prevented depression-like behavior in animals that had been subjected to stress. In a separate study, Kaster and colleagues showed that antagonists of A 1 and A 2A receptors blocked the ability of inosine to reduce depression-like behavior [70] implicating these receptor subtypes in mediating inosine activity. The A 1 AR subtype has also been implicated in modulation of nociception by inosine in experimental pain models in rodents. Using a combination of pharmacological inhibition, together with antisense and knockout approaches to reduce or delete A 1 AR gene expression in vivo, Nascimento and colleagues demonstrated anti-nociceptive activity of inosine that was reduced or eliminated following A 1 AR knockdown or knockout [65, 69] . The A 2A receptor has also been shown to mediate the reduction in pain-associated behavior following inosine treatment [69] . In mice with paw pain from a variety of insults, inosine reduced mechanical and thermal allodynia in a manner that could be prevented by the A 2A antagonist, ZM241385 [69] . Thus, inosine signaling via A 2A is protective against pain. In contrast, in mice with experimental autoimmune encephalomyelitis (EAE), a model of multiple sclerosis, inosine administration conferred a protective effect that was associated with a decrease in levels of the A 2A receptor mRNA and protein in the lumbar spinal cord of mice with EAE [35] . In this model, inosine attenuated hyperalgesia, inhibited demyelination, reduced activation of astrocytes and decreased inflammation, thereby improving clinical outcomes in EAE mice. Thus, signaling via A 2A contributes to pathology in the EAE model. These contrasting observations are consistent with the known pleiotropic activity of the A 2A receptor depending on tissue type and disease model [63] .
As noted previously, SCI evokes profound alterations in the function of the lower urinary tract. Bladder spontaneous activity, an intrinsic feature of bladder smooth muscle tissue is significantly increased in SCI rats, and is the ex vivo correlate of detrusor overactivity. Signaling via A 1 , A 2A and A 2B receptors has been implicated in central and local modulation of normal and pathological bladder activity [24, [73] [74] [75] [76] [77] . Our group recently identified a new role for the A 2B adenosine receptor subtype in mediating the ability of inosine to decrease bladder spontaneous activity in SCI rats [24] . In our study, inosine evoked a dose-dependent reduction of spontaneous activity that was independent of the mucosa and prevented by pharmacological antagonists of A 2A (ZM241385) and A 2B (PSB603) receptors. In contrast, blockade of A 1 or A 3 receptors failed to inhibit inosine action. Consistent with this, a potent A 2B agonist (BAY60-6583) mimicked the activity of inosine, leading to a dose-dependent decrease in spontaneous activity. Although blockade of A 2A attenuated inosine activity, the A 2A agonist PSB0777 failed to reduce spontaneous activity significantly. Biochemical analysis of tissues revealed higher levels of A 2B than A 2A in detrusor tissues suggesting a potential difference in sensitivity to their respective agonists. Using pharmacological antagonists of potassium channels, we proceeded to implicate the large-conductance potassium (BK) channels expressed in smooth muscle as potential mediators of inosine action in bladder tissue. BK channels mediate hyperpolarization of the cell membrane and promote bladder smooth muscle relaxation [78] . We found that the BK channel blocker iberiotoxin prevented the inhibitory action of inosine on spontaneous activity in bladder tissues. In contrast, blockade of either SK3 small conductance potassium channels or K ATP channels did not block the inhibitory activity of inosine on detrusor spontaneous activity. Together, these findings identify an important role for signaling via A 2B receptors and BK channels in inosine-mediated regulation of spontaneous activity in the bladder. Importantly, they also demonstrate that the profound reduction in detrusor overactivity in rats with SCI treated with inosine occurs independently of cholinergic signaling, the primary target for medications used to manage detrusor overactivity in SCI patients. In our prior study, evoked contractions in bladder tissues generated either by electrical field stimulation or treatment with the cholinergic agonist carbachol were unaffected [22] , suggesting that the intrinsic contractile capabilities of the bladder are not diminished by sustained inosine treatment. In fact, there was no evidence that long-term exposure to inosine in vivo was deleterious to lower urinary tract function. Of note, inosine has been used extensively as a nutritional supplement for many years, based on purported activity as a muscle stimulant [79, 80] 
Inosine in clinical use
Inosine has been used outside the US to preserve myocardial function during cardiogenic shock and cardiac surgery [82] and to prevent kidney damage during ischemic renal surgery [83] . The immunomodulatory effects of inosine contribute to the efficacy of Isoprinosine (inosine pranobex), a synthetic agent formed by inosine combined with the immunostimulant dimepranol acedoben (acetamidobenzoic acid and dimethylaminoisopropanol) that is used to treat acute respiratory viral infections, genital warts, herpes simplex infections, hepatitis B and subacute sclerosing panencephalitis.
Based on its efficacy in a variety of preclinical models, inosine has undergone evaluation in clinical trials in the US for multiple sclerosis (https://clinicaltrials.gov/ct2/show/ NCT00067327) [31, 32] , amyotrophic lateral sclerosis (NCT02288091) and Parkinson's disease (http://clinicaltrials.gov/ct2/show/NCT00833690) [61, 84] . In each of these trials, the goal is to elevate levels of uric acid in serum and/or cerebrospinal fluid [85] . As noted earlier, inosine is metabolized to uric acid. From a mechanistic standpoint, uric acid is a peroxynitrite scavenger that is thought to mitigate the oxidative damage that contributes to the pathogenesis of MS [86] or PD [87] . In human subjects, serum levels of uric acid are inversely correlated with risk of PD [57] [58] [59] , providing the rationale for clinical trials aimed at increasing urate levels. The Phase II study in Parkinson's disease revealed that oral inosine was safe and tolerated well by patients, even at doses of up to 3 grams per day [61] . Given the goal of increasing uric acid levels in the aforementioned clinical trials, concerns have been acknowledged regarding the potential for elevated risk of uric acid stones. However, the potential for stone formation in patients receiving inosine in the SURE-PD Phase II clinical trial was largely circumvented using a urine alkalinization protocol. In addition, a trial conducted in Japan reported no long-term adverse effects in a cohort of patients treated with ~1 gram inosine per day for 1 year, consistent with the safety of inosine in human studies [84] . A Phase III trial is currently recruiting patients to evaluate the efficacy of oral inosine in slowing clinical decline in early Parkinson's disease (http://clinicaltrials.gov/ct2/ show/NCT02642393). The ongoing clinical evaluation of inosine suggests its likely utility for a range of conditions arising from neurologic insults.
Conclusion
In summary, increasing pre-clinical and clinical evidence indicates that inosine is a safe, tolerable and effective therapeutic supplement for mitigating the cellular consequences of nerve injury, oxidative stress, inflammation, hypoxia and ischemia-reperfusion insults. As appreciated from the discussion above, inosine acts through a variety of different mechanisms, in a broad range of tissues, with minimal apparent adverse activity, and following diverse routes of administration. Its ready availability as an over-the-counter supplement provides a straightforward, relatively simply strategy for symptomatic relief and potential treatment of the debilitating consequences of a variety of neurologic and other impairments.
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